Imaging of Stem Cell Recruitment to Ischemic Infarcts in a Murine Model
S tem cell transplantation is a novel potential therapy for ischemic damage and could potentially replace dead neurons and supporting tissue. Several experimental studies have shown improved functional outcome after stroke with stem cell therapy 1,2 and fetal graft transplant. 3 The mechanisms and means of this functional improvement are currently the focus of much investigation and have created a need for new study methodologies to unravel stem cell-host interactions.
A unique feature of stem cell therapy is the ability of stem cells to migrate to sites of cerebral pathology, first demonstrated in the setting of intracranial gliomas 4 but also in the setting of stroke 1 and numerous other central nervous system pathologies. This ability likely is centrally important to the reconstitutive effects of stem cell treatments.
Currently, the study of stem cell mobility is limited largely to histological investigation. In vivo stem cell imaging would contribute significantly to the study of stem cells in live animals and ultimately humans. A number of different cell types have been labeled previously with magnetic particles [5] [6] [7] [8] or gadolinium chelates. 9 Cells have also been tracked by isotopes and optical methods. 10 -12 However, there are major unanswered questions regarding stem cell behavior in vivo that cannot be easily addressed with exogenous cell markers. The quantification and proliferation of stem cells cannot be assessed easily in vivo with exogenous markers because they are often degraded, diluted, and excreted as cell populations divide. Endogenous imagable biomarkers such as luciferase, 13 by contrast, are expressed in all cell progeny without dilution.
The overall goal of this study was to track the migration of neural progenitor cells (NPC) to sites of ischemic infarct after different routes of injection. These studies have relevance for the eventual potential clinical use of stem cell therapies because the optimal route of administration of such cells and their migratory capability have not been assessed previously. Specifically, we were interested in whether recruitment to infarcts could be demonstrated by bioluminescence imaging. We used NPC C17.2, modified to express the firefly luciferase (Photinus pyralis) marker gene, and a closedvessel model of middle cerebral artery (MCA) infarction with luciferase bioluminescent imaging to assess the optimal method of stem cell administration.
Materials and Methods

C17.2-LUC-GFP-gal NPC Cell Line
The C17.2 cell line is a clonal, multipotent murine neural precursor cell line, well described previously, that expresses lacZ. 14 These C17.2-gal NPC were stably transfected to express the firefly luciferase (LUC) gene, along with green fluorescent protein (GFP), without changing their stem cell properties. 15 
Animal Numbers and Study Design
Twenty-five female nude mice (nu/nu; weight, 20 to 25 g) were used for in vivo studies (Charles River Laboratories, Cambridge, Mass). Nine animals underwent focal ischemia with parenchymal injections, 8 animals underwent parenchymal injections of cells without infarcts, and 8 animals underwent intraventricular cell administration with infarcts. All animal studies were conducted according to institutional guidelines.
Stroke Induction and Cell implantation
Focal cortical infarcts 16 were surgically induced under ketamine/ xylazine anesthesia (90/10 mg/kg IP) by electrocoagulation of the MCA and its main branches. Sham-operated animals were subjected to the same procedure, including craniotomy, but without MCA electrocoagulation. Typical infarct volumes of 18 mm 3 were obtained with this method.
Immediately after stroke induction, C17. 
In Vivo Cell Tracking With Bioluminescence Imaging
Luciferase imaging with the use of C17.2-LUC-GFP-gal cells was performed as previously described. 15 Briefly, a custom-built, cryogenically cooled, high-efficiency charge-coupled device (CCD) camera system (Roper Scientific) was used to perform photon counting in anesthetized animals after intraperitoneal injection with D-luciferin (Biosynth; 160 g/g body wt IP). White light surface images were obtained immediately before each photon-counting experiment to provide an anatomic outline of the animal. Images were acquired from 5 to 20 minutes after D-luciferin administration. The distribution of luciferase activity within the brain of the animal was then measured by recording photon counts in the CCD. Image processing was performed with a custom-written program. Images were displayed as a false color photon count image superimposed on a grayscale anatomic white light image. Regions of interest were defined to determine the total activity and to separate this into left and right hemisphere contributions. These numbers were subjected to standard statistical analysis. Imaging was performed at multiple time points (postprocedure days 1, 4, 7, 14, 17, 21); animals were euthanized at days 14 or 21.
Tissue Processing and Immunohistochemistry
Immediately after the final imaging session, mice were killed and brains were harvested. Horizontal 30-m brain sections (coronal in the mouse frame of reference) were acquired and stored at Ϫ80°C until processed for immunohistochemistry.
After the X-gal (5-bromo-4-chloro-3-indolyl-beta-Dgalactopyranoside; Fisher Scientific) staining, counterstaining with eosin was done or 3,3-diaminobenzidine (DAB) immunohistochemistry was performed. Colocalization of lacZ, luciferase, and enhanced GFP (eGFP) was demonstrated separately in vitro with fluorescent antibody stains.
For immunostaining, the sections were incubated with either NeuN monoclonal antibody (1:20; CHEMICON) or glial fibrillary acidic protein (GFAP; 1:1; DAKO) polyclonal antibody at 4°C overnight in a humid chamber. A biotinylated goat anti-rabbit or horse anti-mouse IgG (1:100; Vector Laboratories) was applied, and the sections were processed with the use of Elite ABC (Vector Laboratories) for 30 minutes, followed by DAB (0.5 mg/mL; Sigma) for 5 minutes.
Results
Serial Histology Showed NPC-LUC-GFP-gal Recruitment to Ischemic Infarct
The C17.2 clone expressed high levels of galactosidase, GFP, and luciferase as determined by fluorescence microscopy and photon counting. Histology obtained 14 and 21 days after contralateral injection showed many NPC clustering in and around the site of infarct (Figure 1a ). Some NPC in the infarct demonstrated triangular-shaped neuronal-type phenotypes similar to those observed in pyramidal cells (Figure 1f) , with some showing positive staining for the neuronal marker NeuN (Figure 1i ). Other infarct-related NPC stained for the glial marker GFAP (Figure 1j ). There was a significant population of cells in the white matter tracts between the implantation site and the infarct, suggesting migration from one site to the other. These cells had an elongated shape with leading processes within the white matter tracts of the corpus callosum (Figure 1e ), and some stained positive for the glial marker GFAP (Figure 1h ). Some NPC remained clustered at the site of the intraparenchymal injection (Figure 1d ), where they exhibited a rounded morphology with few processes. A few of these cells stained positive for the neuronal marker NeuN, but the majority of NeuN-positive NPC were found in the infarct itself (Figure 1g ). In parenchymally injected control animals without infarcts, cells generally remained localized to the injection site, but a few cells were observed to move into the ipsilateral subventricular zone, where endogenous neurogenesis is known to occur (Figure 1c) .
NPC injected into the ventricle were observed in and around the site of infarct extending from the lining of the cerebrospinal fluid (CSF) spaces to the stroke lesion ( Figure  1b ). NPC were also noted extensively along the ependymal linings of both ventricles and in the subventricular zone (Figure 1b) . Findings suggestive of site-specific differentiation with neuronal-type phenotypes and both neuronal and glial cell markers were observed, similar to the findings in intraparenchymally injected animals.
In Vivo Bioluminescence Imaging Mirrors Histological Findings
There was an excellent correspondence between histological and in vivo bioluminescence imaging with respect to bulk mass of NPC. 
Intraparenchymal NPC Injections in Infarcted Animals
Both in vivo imaging and histology showed NPC at the site of implantation and crossing the midline through the corpus callosum, with excellent correlation. NPC densely populated the site of infarct in a geographic pattern, sharply delimited by the extent of the infarct.
Intraparenchymal NPC Injections in Control Animals
There was a single locus of NPC clustering around the site of implantation in a diffuse pattern, with excellent imaging-
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Imaging of Stem Cell Recruitmenthistology correlation. Unlike the findings in infarcted animals, there was no sign of contralateral migration and no sign of NPC within the corpus callosum.
Intraventricular NPC Injections in Infarcted Animals
There was a wider distribution of cells through the CSF spaces. However, clustering about the site of infarct was again observed. Cells were also noted along the CSF linings and particularly in the subventricular zones.
Kinetics of Luciferase Signal Migration With Intraparenchymal NPC Injection
Figure 3a summarizes serial imaging findings in a representative infarcted animal after intraparenchymal NPC injection. Cellular distribution was initially limited to the site of injection, but NPC spread across the midline by day 7 (6 of 8 animals, remainder at 14 days), with population of the infarct by day 7 to 14. The absolute and relative quantitative distribution of luciferase photon emissions (Figure 4a and 4b) showed, after an initial postinjection decrease of signal, a shift of photon emissions from the injected hemisphere to the infarcted hemisphere over time.
The right/left ratio first exceeded unity by day 14 (ratio 2.9). This suggests that by the end of the experiment there were more NPC in the infarcted hemisphere than at the injection site because of either massive migration or a combination of migration and in situ proliferation. Figure 3c shows the imaging findings in a representative animal. Cells initially diffused widely throughout the CSF spaces from the injection site into the right lateral ventricle. Quantitative analysis (Figure 4e and 4f) again showed an initial postinjection decrease, with a subsequent increase of photon emissions concentrating in the infarcted hemisphere. The right/left ratio exceeded unity by day 7 (ratio 1.2) and continued to rise thereafter, reaching 4.9 by day 14. This indicates higher numbers of NPC in the infarcted hemisphere than in the left hemisphere, where the cells were injected.
Kinetics of Luciferase Signal Migration in Control Animals Without Ischemic Stroke
Kinetics of Luciferase Signal Migration With Intraventricular NPC Injection Into Infarcted Animals
Discussion
Our results show that stem cell migration can be studied in vivo and longitudinally in living animals with the use of an endogenous imaging marker gene and bioluminescent imaging. Histological studies confirmed the imaging findings and demonstrated signs of differentiation, as had been shown previously. 1, 14, 17 Imaging demonstrated the following key Figure 2 . Correlation between bioluminescent imaging and histology. X-gal stains with eosin counterstaining (a to c) are compared with false color luciferase photon emission images superimposed on grayscale white light anatomic images (d to f). These were obtained at the end of the longitudinal study (21 days) and are presented in similar orientation (coronal to the mouse). Scale barsϭ1 mm. aϩd, Intraparenchymal injection of NPC into the hemisphere (white arrow) contralateral to the site of infarction (yellow arrow). Both imaging and histology show the injection site, the cell migration path across the corpus callosum, and the heavily populated infarct. bϩe, Intraparenchymal injection of NPC into the hemisphere (white arrow) contralateral to the site of sham surgery (no infarct). Cells are localized to the site of injection, with no distant migration. cϩf, Intraventricular injection of NPC (white arrow) contralateral to the site of infarct (yellow arrow). Cells distribute to the subependymal and periventricular areas and to the infarct. Bioluminescent imaging is useful for answering these questions but is limited by relatively low resolution compared with modalities such as MRI. Bioluminescent imaging should be seen as one of several imaging modalities available to researchers, possibly complementary to other modalities in which higher resolution is required.
We observed changing cellular distributions at serial time points at different locations. Intraparenchymally implanted NPC were composed of 3 groups: (1) cells remaining at the implantation site, (2) cells populating the ischemic and penumbral regions, and (3) cells located in white matter between these regions. Immediately after NPC implantation, virtually all cells were at the injection site. At 7 days a considerable number of cells were seen crossing the midline through the corpus callosum. Analysis of bioluminescence data suggests that approximately 40% of total cells at 7 days were contralateral to the site of injection after intraparenchymal administration. This would correspond to a speed of migration of the leading edge of approximately 360 m/d (15 m/h). A previously reported migratory rate of 65 m/h has been observed in an infarct model, 6 whereas 120 m/h was reported for the normal trafficking of progenitor cells from the subventricular zone to the olfactory bulbs of rodents. 18 At 14 days, more NPC cells had reached the infarct site, with a further increase by 21 days. At the latter time point, approximately 70% of all cells were localized in the ischemic hemisphere as determined by imaging and confirmed by X-gal histological staining.
NPC population kinetics were different for intraventricular administration. Cells dispersed within CSF on injection showing a wider initial distribution. While bioluminescence imaging could not be used to clearly distinguish between photons originating from ipsilateral ventricles versus ischemic regions, X-gal staining showed populations of NPC in the peri-infarct regions at 14 and 21 days. Effective trans-CSF seeding has also been observed in other studies. 19 The specific chemotactants responsible for NPC homing are not completely known. Preliminary evidence suggests that some of the major stimuli are SDF-1 20 and reelin. 21 C17.2 NPC have previously been shown to participate in neural development and to be capable of differentiation into diverse neuronal and glial cell types as well as normal cytoarchitectural constituents. 1, 14, 17 Our own observations confirm this, with clear neural and astrocytic differentiation (Figure 1) . These results again demonstrate the extraordinary capability of NPC to migrate to infarcts and participate in repair. Both intraparenchymal and intraventricular routes of NPC administration gave similar favorable results, but the data suggest that intraventricular injections result in earlier infarct population. It is unclear at this point whether this earlier infarct population results in clinical benefit.
In the future, NPC may be further engineered to express trophic factors, may target specific tissues, or may be controlled with tetracycline-dependent promoters. Many of these studies would likely benefit from imaging feedback with bioluminescent imaging.
